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ABSTRACT
The Doppler feedback mechanism is a major contributor to the passive safety 
of gas-cooled, graphite-moderated, high-temperature reactors that use fuel based 
on Tristructural-Isotropic coated particles. It follows that the correct prediction of 
the magnitude and time-dependence of this feedback effect is essential to the 
conduct of safety analyses for these reactors. This report presents a fuel 
conduction model for obtaining better estimates of the temperature feedback 
during moderate and fast transients. The fuel model has been incorporated in the 
CYNOD-THERMIX-KONVEK suite of coupled codes as a single Tristructural -
Isotropic (TRISO) particle within each calculation cell. The heat generation rate 
is scaled down from the neutronic solution and a Dirichlet boundary condition is 
imposed as the bulk graphite temperature from the thermal-hydraulic solution. 
This simplified approach yields similar results to those obtained with more 
complex methods, requiring multi-TRISO calculations within one control 
volume, but with much less computational effort. An analysis of the hypothetical 
total control ejection in the Pebble Bed Modular Reactor (PBMR)-400 design 
verifies the performance of the code during fast transients. In addition, the 
analysis of the earthquake-initiated event in the PBMR-400 design verifies the 
performance of the code during moderately slow transients. These analyses 
clearly depict the improvement in the predictions of the fuel temperature, and 
consequently, of the power escalations. In addition, a brief study of the potential 
effects of particle layer de-bonding on the transient behavior of high-temperature 
reactors is included. Although the formation of a gap occurs under special 
conditions, its consequences on the dynamic behavior of the reactor should be 
analyzed. The presence of a gap in the fuel can cause some unusual reactor 
behavior during fast transients, but still the reactor shuts down due to the strong 
feedback effects. 
  vii
  viii
 
ACKNOWLEDGEMENTS
Work supported by the U.S. Department of Energy, Assistant Secretary for 
the office of Nuclear Energy, under DOE Idaho Operations Office Contract DE-
AC07-05ID14517. 
  ix
  x
CONTENTS
ABSTRACT ................................................................................................................................................. vi 
ACKNOWLEDGEMENTS ....................................................................................................................... viii 
ACRONYMS ............................................................................................................................................. xiv 
1. INTRODUCTION .............................................................................................................................. 1 
2. DEFICIENCIES OF CURRENT FUEL MODELS ........................................................................... 3 
3. DESCRIPTION OF THE PHYSICAL PHENOMENA ..................................................................... 4 
3.1 Temperature Feedback in HTGRs ........................................................................................... 4 
3.2 Effects from Thermo-Physical Properties ................................................................................ 4 
4. DESCRIPTION OF THE MATHEMATICAL MODELS AND NUMERICAL 
SOLUTIONS ...................................................................................................................................... 6 
4.1 Steady State Equation .............................................................................................................. 7 
4.2 Parabolic Equation ................................................................................................................... 8 
5. VERIFICATION OF THE NUMERICAL MODEL ......................................................................... 9 
6. THERMO-PHYSICAL PROPERTIES ............................................................................................ 12 
7. INTEGRATION INTO THE COUPLED NEUTRONIC-TH SYSTEM ......................................... 14 
8. EVALUATION OF THE INTEGRATED SYSTEM ...................................................................... 16 
9. THE FORMATION OF A GAP AND ITS IMPLICATIONS ......................................................... 18 
10. UPDATED RESULTS WITH GAP RELEASE MODELS ............................................................. 22 
10.1 Analysis of a Total Control Rod Ejection Event .................................................................... 22 
10.2 Analysis of an Earthquake-Initiated Transient Event ............................................................ 27 
11. CONCLUSIONS .............................................................................................................................. 30 
12. RECOMMENDATIONS ................................................................................................................. 31 
13. REFERENCES ................................................................................................................................. 32 
Appendix A—Analytic Solution to the 1-D Spherical Steady State Heat Conduction Equation ............... 33 
Appendix B—Numerical Solution to the 1-D Spherical Parabolic Heat Conduction Equation ................. 37 
Appendix C—Analytic Solution to the 1-D Spherical Parabolic Heat Conduction Equation .................... 43 
Appendix D—Thermo-Physical Properties ................................................................................................ 51 
 
  xi
FIGURES
Figure 1. Composition of the fuel pebble. .................................................................................................... 1 
Figure 2. Homogeneous and explicit models for a HTGR fuel pebble. ........................................................ 3 
Figure 3. TRISO model constituents and dimensions ................................................................................... 6 
Figure 4. Equivalent 4 steradiant model of a gap ....................................................................................... 7 
Figure 5. Benchmark with constant thermo-physical properties and constant heat generation. ................... 9 
Figure 6. Benchmark with constant thermo-physical properties linear heat generation. ............................ 10 
Figure 7. Benchmark with constant thermo-physical properties exponential heat generation. .................. 10 
Figure 8. Benchmark with variable thermo-physical properties – Temperatures. ...................................... 11 
Figure 9. Benchmark with variable thermo-physical properties – Percent difference in 
temperatures. ............................................................................................................................... 11 
Figure 10. Thermal conductivities for the TRISO constituent layers. ........................................................ 12 
Figure 11. Specific heat capacities for the TRISO constituent layers. ........................................................ 12 
Figure 12. Coupling between the neutronic code CYNOD and thermal-hydraulics THERMIX-
KONVEK (RELAP5-3D). .......................................................................................................... 14 
Figure 13. Relative reactor total power during the TCRE transient............................................................ 16 
Figure 14. TCRE transient average temperatures. ...................................................................................... 17 
Figure 15. Effects of a TRISO gap on the relative core power ................................................................... 18 
Figure 16. TCRE transient powers with TRISO gap .................................................................................. 19 
Figure 17. TCRE transient temperatures with TRISO gap ......................................................................... 20 
Figure 18. TCRE transient power with various effective gap conductivity values ..................................... 21 
Figure 19. TCRE transient power with various gap sizes ........................................................................... 22 
Figure 20. Maximum fuel temperature with various gap sizes during a TCRE .......................................... 23 
Figure 21. Average fuel temperatures with various gap sizes during a TCRE ........................................... 23 
Figure 22. TCRE average moderator temperatures with various gap sizes ................................................ 26 
Figure 23. Fundamental mode eigenvalue with various gap sizes during a TCRE .................................... 26 
Figure 24. Relative core power with a 15 m gap and various contact areas during a TCRE ................... 27 
Figure 25. Relative core power during an earthquake transient in the PBMR-400 .................................... 28 
Figure 26. Fundamental mode eigenvalue during an earthquake transient in the PBMR-400 ................... 28 
Figure 27. Fuel and moderator temperatures during the earthquake transient in the PBMR-400 .............. 29 
Figure D-1 Thermal conductivity of UO2 as a function of temperature and burnup .................................. 54 
Figure D-2. Thermal conductivity of the PyC layer as a function of temperature and fluence .................. 57 
Figure D-3. Thermal conductivity of the porous carbon layer as a function of temperature and 
fluence ........................................................................................................................................ 57 
Figure D-4. Temperature and fluence dependent thermal conductivity of SiC .......................................... 59 
  xii
Figure D-5 Range of validity of O/f equation in a multi-pass PBR with an average particle surface 
temperature of 1000 oC. .............................................................................................................. 63 
 
TABLES
Table 1. Conductivity correction factors ..................................................................................................... 20 
Table 2. Time evolution of the fuel temperature distribution during the TCRE Accident (no gap) ........... 24 
Table 3. Core distribution of TRISO internal gas pressures at 0.61 seconds during the TCRE (15 
m gap) ....................................................................................................................................... 25 
Table D-1. Parameters A and B used in gas conductivity calculation per Equation D-37 ......................... 64 
Table D-2. Values Co,i, Do,i, Eo,i, and Fo,i for Kr, Xe, and CO. .................................................................... 66 
 
  xiii
 
  xiv
ACRONYMS
1-D one-dimensional 
3-D three-dimensional 
CEA Commissariat à l'Énergie Atomique 
CVD Chemical Vapor Deposition 
DBA Design Basis Accident 
DNE Dido Nickel Equivalent  
DOE Department of Energy 
FIMA Fissions per Initial Metal Atom 
HFP Hot Full Power 
HTGR High Temperature Gas-Cooled Reactor 
HTR High Temperature Reactor 
INL Idaho National Laboratory 
IPyC Inner Pyrolitic Carbon 
KAIST Korea Advanced Institute of Science and Technology 
NGNP Next-Generation Nuclear Plant 
PBMR  Pebble Bed Modular Reactor 
PBR Pebble Bed Reactor 
PDE Partial Differential Equation 
QSHe Quasi-Static Heterogeneous 
QSHo Quasi-Static Homogeneous 
SAR Safety Analysis Report 
TCRE Total Control Rod Ejection 
TDHe Time Dependent Heterogeneous 
TRISO Tristructural-Isotropic 
 
  xv
 
  1
Improved Prediction of the Temperature Feedback in 
TRISO-Fueled Reactors 
1. INTRODUCTION 
Doppler, moderator, and reflector feedback are three essential temperature feedback mechanisms in 
gas-cooled, graphite-moderated high-temperature reactors (HTRs). These feedback effects provide the 
necessary passive safety for successful operation of these reactors. During moderately fast and fast reactor 
transients, the Doppler feedback mechanism is the dominating process that ensures this passive safety. 
Because the extent of the power escalation during these transients is determined by the fuel temperature, 
it is crucial to obtain accurate UO2 temperatures. Furthermore, the extent of the power escalation has an 
effect on the total energy deposition. 
Modern designs of HTR cores are fueled with Tristructural-Isotropic (TRISO) coated particles. These 
particles are comprised of various layers acting in concert to provide a containment structure that prevent 
radioactive product release. For a pebble bed reactor (PBR), the TRISO particles are imbedded in a 
graphite matrix to form a pebble, as shown in Figure 1(OECD/NEA/NSC PBMR400 Benchmark 2007). 
The same particles are also used in the prismatic design by forming fuel compacts in a cylindrical 
graphite matrix. The TRISO particles include a fuel kernel, porous carbon layer, inner pyrolitic carbon 
(IPyC), SiC, and outer pyrolitic carbon (OPyC). The main functions of the various layers are heat 
generation in the kernel, fission product retention in the porous layer, structural integrity in both pyrolitic 
carbons, and fission product barrier in the SiC. The heat transfer characteristics of these components 
determine the ultimate temperature of the UO2 fuel kernel. The various materials that constitute TRISO 
particles have different thermo-physical and thermo-mechanical properties with varied dynamic behavior. 
Therefore, any improvement to the heat transfer model results in a more accurate calculation of the fuel 
temperature and the reactor power. 
 
Figure 1. Composition of the fuel pebble. 
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Most high-temperature gas-cooled reactor (HTGR) codes, like THERMIX (Teuchert 1994), only 
include a homogeneous model, which approximates the temperature of the fuel region. These models 
produce reasonable results for steady-state and very slow transient conditions. For moderate and fast 
transients, the models inadequately capture prompt effects. An alternative fuel model used in TINTE 
extrapolates the maximum fuel temperature from the solution to a homogenous model (Scherer 1989). 
The only HTR transient code before 2008 that appears to contain a fully explicit TRISO model is ZKIND 
(Rademer 2004). Unfortunately, no details on the development of ZKIND are available. 
During the development of this work several articles have been published that specifically deal with 
explicit TRISO models. Noteworthy are the two-temperature models developed at Korea Advanced 
Institute of Science and Technology (KAIST) (Cho 2009), the multi-scale methods from Commissariat à 
l'Énergie Atomique (CEA) (Blanc 2008) and AMEC (Stainsby 2008), and finally the modifications to 
TINTE by PBMR Ltd. (Ubbink 2008). Of these works, only TINTE has been successfully used in full 
reactor transient analysis (Strydom 2008). 
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2. DEFICIENCIES OF CURRENT FUEL MODELS 
The current Idaho National Laboratory (INL) coupled neutronics-thermal-hydraulics code CYNOD-
THERMIX-KONVEK (Hiruta 2008) includes a shell model that approximates the temperature of the fuel 
region. Figure 2a includes an illustration for pebble bed fuel. Consequently, the fuel region, which 
contains a mixture of fuel and graphite matrix, is treated as a homogeneous domain with constant 
volumetric heat generation. This type of model overlooks the fact that the majority of the fission energy is 
deposited in the fuel kernel and that there can be a strong resistance to heat flow within the TRISO 
constituents. In addition, by not modeling the particles explicitly, it is assumed that the various materials 
in the fuel exhibit similar thermal inertia and play a small role in the dynamic behavior of the bulk 
macroscopic material. These models produce reasonable results for steady-state and very slow transient 
conditions where these assumptions are valid. For moderate and fast transients, these homogenous models 
underestimate the temperature in the fuel kernel and, consequently, significantly overestimate the neutron 
flux and power level. 
 
Figure 2. Homogeneous and explicit models for a HTGR fuel pebble. 
An explicit model, similar to the one depicted in Figure 2b, is necessary in order to accurately predict 
the fuel temperature in TRISO-fueled reactors. As depicted in the illustration, the explicit model uses the 
results from the homogeneous thermal-hydraulics calculation in order to determine the micro-scale heat 
transfer in the TRISO particle.  
Kernel 
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HOMOGENEOUS MODEL EXPLICIT MODEL 
(2a) (2b)
Fuel region 
Graphite 
buffer 
  4
3. DESCRIPTION OF THE PHYSICAL PHENOMENA 
Nuclear fuel at steady state is in quasi-thermal equilibrium, where the reactor is kept in a quasi-
critical state by feedback mechanisms. Large departures from this quasi-equilibrium state are encountered 
when the neutron distribution changes significantly due to some material or geometrical modification of 
the system, which can arise from temperature changes or other means.  
The effect that temperature changes have on the dynamic response of a nuclear reactor is commonly 
known as temperature feedback. A number of important physical phenomena determine the magnitude of 
temperature feedback. In HTRs, these phenomena are captured by essentially three feedback mechanisms: 
Doppler, moderator, and reflector. 
3.1 Temperature Feedback in HTGRs 
The Doppler temperature feedback is a stabilizing, almost instantaneous effect in fuel. This 
temperature feedback is the consequence of Doppler broadening, a neutronic phenomenon driven by 
changes in the relative velocities of the U-238 atoms and the neutrons and has a direct effect on the 
neutron population through resonance absorption. These atom velocities are represented by the 
macroscopic material temperatures. Therefore, changes to the fuel temperature affect the magnitude of 
Doppler feedback, which, in turn, modifies the neutron population and, thus, the power generation.  
The moderator temperature feedback effect is due to the spectral shifting induced by scattering in 
graphite and by a reduction in absorption of thermal neutrons in graphite at higher temperatures. It is 
normally a stabilizing effect, but can, in the presence of some low-lying resonances, be de-stabilizing in 
nature. It is a delayed effect, when compared to the Doppler temperature feedback. 
The reflector temperature feedback effect is a destabilizing mechanism in graphite-moderated 
reactors. It is a largely delayed effect since the heat up of the reflector region is a slow process during 
transients. The effect emerges from the reduced absorption of thermal neutrons in graphite at higher 
temperatures, which allows more thermal neutrons to enter the reactor core. 
3.2 Effects from Thermo-Physical Properties 
The various materials that constitute TRISO particles and the rest of core and reflector materials have 
different thermo-physical and thermo-mechanical properties with varied dynamic behavior. From a heat 
transfer perspective, the layered composition of the TRISO generates a natural resistance to heat flow. 
This effect was previously identified (Merrill 1963), but the explicit modeling of the fuel particles was 
never pursued, as far as the authors know, due to the lack of data for the heat transfer model. 
The Doppler feedback is pronounced in HTRs mainly due to the relatively low heat capacity of UO2 
when compared to the surrounding constituents of TRISO fuel. In addition, the majority of the energy 
deposition occurs in the fuel kernel as well. This allows the kernel temperature to increase significantly 
faster that its surroundings, a fact that is overlooked in homogenous models. 
The delayed nature of both the moderator and reflector feedbacks are mainly due to the large 
volumetric heat capacity of graphite, which effectively delays the temperature rise in the core graphite 
and surrounding reflector. Since the nuclear phenomena of absorption and scattering of neutrons is highly 
sensitive to material temperatures, this delay is equally experienced in the changes to the neutron 
population.  
A specific case study dealing with the formation of a gap inside the TRISO particle and its effect on 
the fuel temperature is further developed in this work. Under certain circumstances, determined by the 
  5
fluence and temperature history, a gap forms between the buffer and the IPyC through irradiation-induced 
shrinkage. This phenomenon has been observed in some samples of current irradiation programs (Miller 
2006). It is yet unclear if this effect is magnified by the higher dose rate that the samples experience 
during accelerated irradiation, but the constituent layers exhibit very different irradiation responses and 
detach. Nevertheless, the formation of a gap that fills with fission gases and CO, for oxide fuels, can have 
a significant impact. The fuel performance codes PARFUME and STRESS3 model the layer detachment 
(Miller 2004; Martin 2003). Results from these codes indicate that, under the circumstances analyzed, a 
gap quickly forms during irradiation and remains near a value of 20 m at fluence levels between 1x1025 
and 4x1025 n/m2 (Miller 2006). 
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4. DESCRIPTION OF THE MATHEMATICAL MODELS AND 
NUMERICAL SOLUTIONS 
The approach developed in this work incorporates an explicit TRISO heat conduction model within 
the framework of the solution to the homogeneous fuel model attained via a thermal-hydraulic code. 
Figure 3 shows the materials and dimensions used in modeling the TRISO fuel particle.  
 
Figure 3. TRISO model constituents and dimensions. 
A one-dimensional (1-D) geometrical model is used in this work. This assumes angular symmetry 
(i.e., heat conduction out of the TRISO particle only varies in the radial direction). The 1-D Partial 
Differential Equation (PDE) that governs heat conduction is: 
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where k,  and Cp are the thermal conductivity, density, and specific heat capacity, respectively. In order 
to simplify the problem, it is assumed that the thermo-physical properties do not vary significantly in 
between time steps, thus yielding the following: 
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This implies an error in the energy conservation that is very small in magnitude when compared to the 
changes in temperature. This small error can be further reduced by performing nonlinear iterations to 
update the thermo-physical properties. The solution to this second order PDE requires two boundary 
conditions and one initial condition. The boundary conditions imposed are a Neumann (2nd kind) 
condition at the center and Dirichlet (1st kind) at the outer surface: 
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The initial condition will be the steady-state temperature distribution at the initial time: 
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The gap is modeled as a full 4 steradiant region filled with a gas as shown in Figure 3. For 
simplification, a single gap size is assumed for all particles in the model. This assumption can be later 
expanded to include a gap size distribution in the core. Since, physically, the IPyC is not completely 
detached from the porous carbon layer, some contact area does remain, as depicted in Figure 4. The heat 
transfer rate through this area (qc) can be quite different than that of the gap region (qg). An effective gap 
conductivity, k, is used in order to capture the enhanced heat transfer through the contact region. A set of 
steady state HEATING 7.3 (Childs 2007) cases in three-dimensional (3-D) spherical geometry are used to 
determine the multipliers for the effective gap conductivity at various heat generation rates. The carbon 
density is adjusted in this calculation to maintain mass conservation. These multipliers increase the 
conductivity in the gap region, thus correcting the full (4 steradiant) gap model. 
  
Figure 4. Equivalent 4 steradiant model of a gap. 
The effects of radiative heat transfer in the gap have been omitted in this analysis. A calculation with 
a 20 micron, 4 steradiant gap during the Total Control Rod Ejection (TCRE) accident showed that 
radiative heat transfer in the TRISO with the largest temperature gradient in the entire core is in the order 
of 18%. During steady-state operation and most transient, the maximum radiative heat transfer is expected 
to be around a few percent. 
4.1 Steady State Equation 
Equation 2 can be further simplified by eliminating the time dependence and assuming a 
homogeneous thermal conductivity yielding the 1-D spherical steady-state heat conduction equation: 
02
,,,
2
2

k
q
dr
dT
rdr
Td
 Rr 0  Eq. 5 
The derivation of the solution to this steady state problem can be found in Appendix A. The 
temperature field for heated region is given by: 
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qg 
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The temperature field in non-heated regions is obtained by imposing to Equation A-1 a nonzero heat 
flux at the lower boundary, 
3
,,,
11
1
qr
dr
dTk
irr


, yielding: 
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4.2 Parabolic Equation 
Equation 2 can be rewritten in the heat flux formulation via Fourier’s law: 
t
trTrCrtrqtrq p 
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	
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  Rr 0  for t  0  Eq. 8 
Appendix B contains the derivation for the numerical solution to this equation. Employing a theta 
time differencing scheme, using Fourier’s law as the closure model, and forcing the continuity of the heat 
flux at the interfaces yields a three-point formulation with the average cell temperatures: 
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  Eq. 9 
Since the final matrix is positive, definite, tri-diagonal, and symmetric, the direct inversion of the 
two-banded system of equations yields the final solution.  
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5. VERIFICATION OF THE NUMERICAL MODEL 
The numerical solution to the time-dependent equation developed in Section 4.2 was implemented 
into a FORTRAN 90 computer code and is referred to in this work as the Time Dependent Heterogeneous 
TDHe model. The results from this program are benchmarked against the analytic solution to the 1-D 
spherical time-dependent conduction equation developed in Appendix C. The model used in the test is a 
sphere of UO2 with 0.042-cm radius initially at 917 K. In addition, the code is also compared to the finite 
difference code HEATING (Childs 2007). Similar spatial and time discretizations are used to generate 
consistent comparisons of the computer implementations.  
Figure 5 shows the percent difference in the temperature calculations for a homogeneous sphere with 
constant thermo-physical properties and a constant heat generation rate. The small differences, in the 
order of 0.006%, seen in HEATING 7.3 appear to arise from the solution methodology. The TDHe results 
are in excellent agreement with the analytic solution. 
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Figure 5. Benchmark with constant thermo-physical properties and constant heat generation. 
The next test is used to study the solutions with a linear heat generation rate. Figure 6 shows that the 
TDHe results are also in good agreement with the rest of the solutions. The HEATING results reach a 
calculation precision limit of 1E-3 % for this case with linear heat generation rate. 
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Figure 6. Benchmark with constant thermo-physical properties linear heat generation. 
Figure 7 shows the percent difference in the temperature calculations for a homogeneous sphere with 
constant thermo-physical properties and an exponential heat generation rate. Again, very good agreement 
is obtained between the TDHe and the analytic solution and the same pattern is observed for the percent 
errors from HEATING.  
0.E+00
1.E-03
2.E-03
3.E-03
4.E-03
5.E-03
6.E-03
7.E-03
8.E-03
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time [sec]
%
 D
iff
er
en
ce
 in
 T
em
pe
ra
tu
re
TDHe
Heating 7.3
 
Figure 7. Benchmark with constant thermo-physical properties exponential heat generation. 
  11
A code-to-code comparison is used to benchmark the nonlinear solution, since no analytic solution is 
available for the nonlinear case. Figures 8 and 9 present the comparison to HEATING for a model with 
variable properties in all of the layers and for an assumed power excursion. The code comparisons agree 
with maximum differences of 0.06%. 
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Figure 8. Benchmark with variable thermo-physical properties – Temperatures. 
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Figure 9. Benchmark with variable thermo-physical properties – Percent difference in temperatures. 
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6. THERMO-PHYSICAL PROPERTIES 
The initial part of the work and analysis was based on thermo-physical properties that did not 
consider the irradiation history of the various TRISO layers. The conductivities and specific heat 
capacities incorporated in this preliminary model are depicted in Figures 10 and 11, respectively. The 
calculation of the gap conductivity is based on approximated mole fractions for CO (75.9%) and fission 
gases (14.1%). 
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Figure 10. Thermal conductivities for the TRISO constituent layers. 
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Figure 11. Specific heat capacities for the TRISO constituent layers. 
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In order to improve the fidelity of the TRISO model, the material library is improved and expanded in 
Appendix D. Some of the improvements include irradiation-dependent properties of all materials, gas 
release models of CO, Kr, and Xe for both the steady state and the transient conditions, and the non-
condensable heat capacity and conductivity models from RELAP5-3D©. Results with these model 
improvements are included in Section 10. 
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7. INTEGRATION INTO THE COUPLED NEUTRONIC-TH SYSTEM 
Fuel models developed during this study are integrated in the coupled CYNOD-THERMIX-
KONVEK suite of codes. CYNOD (Hiruta 2008) is a semi-analytical nodal diffusion code based on a 
Green’s function method with an implicit time-dependent scheme. CYNOD is coupled to the thermal-
hydraulics code THERMIX-KONVEK (Teuchert 1994), a two-dimensional (R-Z) quasi-static code 
developed by the KFA-Jülich, which contains correlations and material properties developed in the 
German PBR program. The homogeneous fuel model that is used in THERMIX is referred to as the 
quasi-static homogeneous (QSHo) model in this work.  
Figure 12 shows a schematic of the coupling arrangement. Note that CYNOD has been coupled 
separately to THERMIX-KONVEK and RELAP5-3D. THERMIX-KONVEK is the thermal-hydraulic 
solver used in this work. The TRISO model is applied within each calculation cell and uses the cell 
average power density, renormalized to the kernel volume, as the heat generation source. The bulk 
graphite temperature from the thermal hydraulics calculation is used as the boundary condition at the 
OPyC-matrix interface. The interface thickness can be varied in order to adjust the location of the bulk 
graphite temperature within the pebble or compact. 
The main idea behind this simplified modeling is to capture the behavior of the average TRISO 
particle in each calculation cell in a manner that is easily implemented in the current suite of codes to 
provide an initial analysis capability. The use of the Dirichlet condition with the bulk graphite 
temperature allows for a fast coupling of the heat transfer models to obtain a representative fuel 
temperature.  
 
Figure 12. Coupling between the neutronic code CYNOD and thermal-hydraulics THERMIX-KONVEK 
(RELAP5-3D). 
  15
Initially, a preliminary fuel temperature model was used to determine the potential benefits of 
developing a time-dependent kernel-level model. The steady-state equations from Section 4.1 were used 
for the model referred to as the quasi-static heterogeneous (QSHe) model. Given the success of the QSHe, 
the model developed in Section 4.2 (TDHe) and tested in Section 5 was incorporated in the coupled 
system. 
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8. EVALUATION OF THE INTEGRATED SYSTEM 
The TCRE problem from the PBMR benchmark exercise was used to examine the potential benefits 
of the new method. This transient is included in the PBMR safety analysis report (SAR) as a design basis 
accident (DBA) (Strydom 2008), but there are currently no known initiators that could lead to this 
transient. Nevertheless, it serves to determine the capabilities of the explicit TRISO model in extreme 
cases. The event initiates from Hot Full Power (HFP) and involves the withdrawal of all 24 control rods 
in 0.1 seconds. 
The results to the TCRE transient confirm the considerable improvement obtained by using explicit 
TRISO models over the predictions from the homogeneous model. Figure 13 shows how the prompt 
reactor feedback driven by the Doppler Effect has a more significant role than predicted by the original 
homogeneous THERMIX model. The calculated maximum powers are roughly 160, 26, and 30 times the 
nominal power for the QSHo, QSHe, and TDHe, respectively. Therefore, the QSHo model overestimates 
the reactor power by a factor of 130, while the QSHe underestimates the reactor power by a factor of 4. In 
addition, the power curve indicates that the reactor period during the cool down is longer than previously 
predicted with the homogenous fuel region model.  
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Figure 13. Relative reactor total power during the TCRE transient. 
The maximum fission power calculated by the TDHe model is 11904 MW and agrees well with the 
value of 11750 MW obtained with TINTE (Strydom 2008). The power decays slightly faster in the TDHe 
model that in the TINTE analysis, but this is probably due to differences in thermo-physical properties of 
the model, since the TDHe analysis uses variable properties. The new model also reveals that the overall 
energy generation, and thus deposition, during the rod ejection transient is 12% lower than predicted by 
the unenhanced model. 
Figure 14 shows that the average fuel temperature in the core reaches a slightly higher maximum, but 
at no time does it approach the nominal, allowable average fuel temperature of 1600°C. The 
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homogeneous model predicts a delayed moderator and fuel temperature rise that not only delay the 
Doppler feedback, resulting in a sharp power escalation, but it also produces nearly simultaneous Doppler 
and moderator feedback, yielding an equally fast drop in relative core power.  
The maximum fuel temperature obtained with the TDHe is 1700°C. A value of 1768°C is reported in 
the TINTE study, but it is based on a peaking model, which yields a higher temperature than the explicit 
TRISO model. The TINTE kernel model (Ubbink 2008) yields a kernel maximum temperature of 
1691°C. This shows that the INL results are in good agreement with the TINTE results for the PBMR 
benchmark case. 
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Figure 14. TCRE transient average temperatures. 
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9. THE FORMATION OF A GAP AND ITS IMPLICATIONS 
The presence of a gap magnifies the resistance to heat flow out of the fuel region. Essentially, the gap 
forms a semi-adiabatic system within the TRISO particle, which translates into higher fuel temperatures 
and, consequently, increased Doppler feedback effects. Figure 15 shows a set of calculations with the 
QSHe model with a 4 steradiant gap without and effective conductivity correction. The gap size ranges 
from a closed gap to a 20 micron gap. The core power profile decreases in amplitude with an increasing 
gap size. The relative power drops by an additional factor of 20 with the 20 micron gap; the period of the 
reactor also increases with increasing gap size. The amount of energy generation during the rod ejection 
transient decreases with the enhanced calculation of the Doppler feedback since the area under the curve 
is reduced. 
1.00
6.00
11.00
16.00
21.00
26.00
0 1 2 3 4 5 6 7 8 9 10
Time [sec]
R
el
at
iv
e 
Po
w
er
, P
(t)
/P
(0
)
0 microns
0.5 microns
1 microns
5 microns
10 microns
15 microns
20 microns
 
Figure 15. Effects of a TRISO gap on the relative core power. 
 
Figures 16 and 17 show preliminary results for the core power and temperature profiles of the TCRE 
using the TDHe model with a 20 m gap. The plot also includes an eigenvalue calculation during the 
transient. There is a dramatic difference between the quasi-static and the time-dependent models. The 
QSHe is unable to capture the dynamic effects that take place in the TRISO particle with millisecond time 
steps. The relatively small conductivity of the gap establishes a large resistance to heat flow and results in 
higher fuel temperatures. These higher fuel temperatures and the consequent Doppler feedback place the 
reactor into a sub-critical condition within 0.4 seconds of the start of the transient.  
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Figure 16. TCRE transient powers with TRISO gap. 
In addition, as the fuel temperature increases the UO2 thermal conductivity decreases and its heat 
capacity increases, thus creating an energy storage or “capacitor” effect. This heat is subsequently 
released when the gap conductivity increases with temperature, thus allowing better heat transfer out of 
the kernel. The improved heat transfer and the rapid decrease in heat generation facilitate the fast cool 
down of the kernel, which in turn decrease resonance capture. This allows the neutron population to 
increase again as the reactor returns to a delayed-supercritical condition for approximately 4 seconds. 
These results are preliminary since there is a slight mismatch in the time scale of the solution. The relative 
power starts to turn at 0.38 seconds, but the sub-critical configuration is not attained until 0.46 seconds. 
The opposite is true for the next power escalation where the delayed super-critical condition is reached at 
0.76 seconds and the power turns at 0.9 seconds. 
 
  20
750
850
950
1050
1150
1250
1350
1450
1550
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
time [sec]
A
ve
ra
ge
 F
ue
l T
em
pe
ra
tu
re
 [o
C
]
0
2
4
6
8
10
12
14
16
18
20
R
el
at
iv
e 
C
or
e 
Po
w
er
 [P
(t)
/P
(0
)]
Power (TDHe)
Tfuel (TDHe)
Tmod (TDHe)
 
Figure 17. TCRE transient temperatures with TRISO gap. 
Table 1 shows the results from the HEATING 7.3 3-D calculations used to determine the gap 
conductivity multipliers to correct the 4 steradiant gap model for the presence of a contact area. The gap 
thickness was assumed to be 15 m. 
Table 1. Conductivity correction factors. 
Heat Rate =/4 =/2 =3/4
[W] A=14.64% A=50% A=85.36%
0.144 1.436 2.786 5.021
0.311 1.448 2.713 4.892
0.543 1.423 2.637 4.690
0.699 1.416 2.606 4.608  
 
Figure 18 shows the results obtained with the various corrections to the gap conductivities from 
Table 1. As the gap closes, the core power profile approaches the behavior of the fuel without the gap, 
where the fluctuation between subcritical and delayed super-critical state is avoided. The  steradiant 
case shows a different core power behavior than the other runs, which seems to indicate the current 
functionalization of the conductivity in Table 1 is not completely adequate. 
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Figure 18. TCRE transient power with various effective gap conductivity values. 
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10. UPDATED RESULTS WITH GAP RELEASE MODELS 
Additional model enhancements described in Appendix IV were implemented. These models improve 
the calculation of the gap conductivity and the determination of an internal gas pressure during the 
transient for each average TRISO particle. Two transient cases are evaluated in this section: (1) the TCRE 
event, a fast transient, and (2) an earthquake-initiated event, which is a slow transient that captures the 
core densification during the INL’s design basis earthquake starting from the HFP condition. 
10.1 Analysis of a Total Control Rod Ejection Event 
Figure 19 shows the various dynamic effects attributed to the time-dependent model that were absent 
from Figure 15. The results indicate a reduction by a factor of 14 in power from modeling a range that 
includes no gap to a 20 m gap (without effective conductivity correction). 
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Figure 19. TCRE transient power with various gap sizes. 
The maximum and average fuel temperatures in the core for the various gap sizes are included in 
Figures 20 and 21, respectively. The maximum temperature is higher for the models without a gap driven 
mainly by the higher power level reached during the transient. This model with the improved material 
properties shows a maximum fuel temperature in excess of 2500°C. There is a 300°C difference between 
the maximum of the 0 and the 20 micron gap models. In contrast, the average temperatures are higher 
with the 20 micron gap by 170°C, which effectively establishes the onset of the strong Doppler feedback.  
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Figure 20. Maximum fuel temperature with various gap sizes during a TCRE. 
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Figure 21. Average fuel temperatures with various gap sizes during a TCRE. 
Table 2 shows the changes to the fuel temperature distribution in the core during the TCRE transient. 
The axial dimensions are measured from the top of the core, whereas the radial dimensions are measured 
from the center of the core. As the control rods are ejected, the maximum temperatures clearly shift to the 
regions with high localized power at the top of the core, especially near the center and side reflectors. 
This strong temperature peaks start flattening as the fission power in the core is quickly shutdown by the 
temperature feedback effects. 
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The models without a gap experience higher moderator temperatures, as seen in Figure 22. This 
results in a stronger, but delayed, moderator feedback, which produces a steeper exponential tail in the 
relative power profile shown in Figure 19. 
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Figure 22. TCRE average moderator temperatures with various gap sizes. 
Figure 23 shows how the models with large gaps experience a rapid cool-down and the loss of the 
critical configuration, as previously discussed in Figure 16. The rest of the models maintain the critical 
configuration until the moderator feedback places the reactor in a subcritical condition.  
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Figure 23. Fundamental mode eigenvalue with various gap sizes during a TCRE. 
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In addition, the functionalization of the Table 1 parameters was enhanced by using polynomial fits. 
This provides an improved model of the heat transfer through the contact area between the porous carbon 
and IPyC layers. The results are shown in Figure 24 with the expected behavior in core relative power 
with various contact areas sizes. 
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Figure 24. Relative core power with a 15 m gap and various contact areas during a TCRE. 
10.2 Analysis of an Earthquake-Initiated Transient Event 
Finally, results with the earthquake analysis methodology developed by Ougouag et al. are included 
in Figure 25. During the first second of simulation, small increases in the packing fraction produce 
enough negative Doppler feedback to start shutting down the reactor until the first significant increase in 
the global pebble packing fraction produces a small power escalation. This first turnaround point is 
magnified by the additional insertion from the relative rod withdrawal. The magnitude of the reactivity 
insertions increases as their relative position of the control rods with respect to the core increases. During 
the slow transient regions, both the QSHo and TDHe model without a gap yield similar results. Some 
regions of moderate dynamic response show relative power differences of 2.5%. The TDHe model with a 
15 m gap and corrected gap conductivities yields a lower power profile at the beginning of the transient 
and a higher power profile towards the end of the event. The relative power differences between this 15 
m gap and the QSHo models are about 4%. 
A few other power increases are visible throughout the transient. These events demonstrate the fine 
balance between the negative reactivity insertions due to Doppler feedback and the positive reactivity 
insertions due to densification and the relative control rod withdrawal during the event. Eigenvalue 
calculations indicate that the reactor remains in a subcritical state until a large reactivity insertion 
overcomes the Doppler feedback 8 seconds into the transient, as shown in Figure 26. The reactor remains 
delayed-supercritical for 1.5 seconds.  
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Figure 25. Relative core power during an earthquake transient in the PBMR-400. 
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Figure 26. Fundamental mode eigenvalue during an earthquake transient in the PBMR-400. 
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Figure 27 shows how both the average fuel and moderator temperatures approach the same 
asymptotic value expected for a slow transient. The average fuel temperature and power fluctuations are 
in good agreement and clearly represent the strong negative fuel temperature feedback of this reactor. 
790
800
810
820
830
840
850
860
870
880
0 5 10 15 20 25 30 35 40
Time [sec]
Te
m
pe
ra
tu
re
 [o
C
]
avg fuel 0 um gap
avg mod 0 um gap
avg fuel 15 um gap
avg mod 15 um gap
 
Figure 27. Fuel and moderator temperatures during the earthquake transient in the PBMR-400. 
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11. CONCLUSIONS 
A simple and efficient way of calculating fuel temperature in TRISO-fueled reactors has been 
developed and implemented into the Next Generation Nuclear Plant (NGNP) analysis package CYNOD-
THERMIX-KONVEK. The model was benchmarked against analytic solutions and it performed well in 
code-to-code comparison versus Heating 7.3. The results show that both the quasi-static and the time-
dependent heterogeneous models are great improvements over the homogenous model for the study of the 
HTGR core behavior during fast transient. They also show that a time-dependent heterogeneous model is 
able to capture dynamic effects, which the quasi-static models are unable to capture for both fast and 
moderately slow transients. The fuel temperature calculations performed with the CYNOD-THERMIX-
KONVEK suite are comparable to those of TINTE.  
The presence of a gap in all or most TRISO fuel can change the dynamic behavior of the reactor. 
Results indicate that the higher fuel temperatures obtained with the gap models enhance the Doppler 
response of the reactor, but can lead to unexpected behavior and re-criticality in a short time due to the 
swing in the heat generation rate and rapid fuel cooling.  
In addition, an early capability to perform fuel performance calculations for HTRs within the 
framework of a safety analysis simulator is introduced. This enables the user to undertake fuel 
performance simulations under more realistic conditions that include the dynamic effects of transients. 
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12. RECOMMENDATIONS 
Since the TRISO temperatures are based on the average or “representative” TRISO model, a better 
method to determine the maximum fuel temperature in each region of the core is needed. 
Cooling effects for the fuel kernel are important to correctly capture the Doppler feedback effect. The 
development of a TRISO-level radiative heat transfer model would capture additional cooling effects for 
the fuel kernels. 
The gas release models require further development and verification against established fuel 
performance models. 
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Analytic Solution to the 1-D Spherical Steady State 
Heat Conduction Equation 
  34
  35
Appendix A 
Analytic Solution to the 1-D Spherical Steady State 
Heat Conduction Equation 
The 1-D spherical geometry steady-state heat conduction equation with constant volumetric heat 
generation rate is:  
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Letting 
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  and solving via the integrating factor yields: 
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Integrating again leads to:  
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The temperature field in the innermost heated region is obtained by applying a Neumann 0
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and Dirichlet 11)(   ii TrT  boundary conditions to Equation A-1: 
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The temperature field in non-heated regions is obtained by imposing to Equation A-1 a non-zero heat 
flux at the lower boundary, 
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Where fsr is the fuel surface. 
Average fuel temperatures in each region can be determined with: 
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Therefore, the average temperature in the fuel region under steady-state condition is: 
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The average temperature in the non-heated regions under steady-state conditions is: 
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The node and cell average temperatures can be determined with Equations A-2 to A-5 given an outer 
boundary condition and a volumetric heat generation rate.  
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Appendix B 
Numerical Solution to the 1-D Spherical Parabolic 
Heat Conduction Equation 
Starting from the heat flux formulation of the conservation law: 
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Imposing a theta differencing scheme and the assumption that )()( rCr p do not change during the 
time step leads to: 
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Performing a heat balance by integrating the equation over the volume yields: 
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 Eq. B-1
Assuming the density and heat capacity to be homogeneous in the calculation cell leads to the 
following RHS for Equation B-1: 
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The node-wise temperatures can be related to cell averaged temperatures with: 
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Equation B-1 becomes: 
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Where the effective heat capacity is ipi VCC 
~  
Using Gauss’ divergence theorem and assuming constant heat generation in the volume we obtain: 
inn
n
i
n
i
ininii
n
i
ii
n
iii
n
iii
n
i
C
tt
TTVqVqnrqA
nrqAnrqAnrqA
~~~)1(ˆ)(
ˆ)(ˆ)()1(ˆ)()1(
1
1
,,,
1
,,,1
11
1
1111























 Eq. B-3 
where 
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Using a simple finite difference to approximate the temperature gradient leads to the following heat 
flux representations:  
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Imposing continuity of the heat flux with the approximate equations: 
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This enables the interpolation of one nodal temperature value from two adjacent cell-averaged values: 
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Inserting this temperature interpolator in the definition of the heat flux:  
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Simplifying the equation leads to:  
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Therefore, we have the following discretizations for the heat flux at the boundaries:  
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Inserting Equations B-4 and B-5 in the heat balance Equation B-3 leads to the final discretization: 
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Rearranging yields a three-point formulation: 
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 Eq. B-6 
With the coefficients: 
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The resulting matrix is symmetric and can be easily solved with direct or iterative methods. 
The theta differencing scheme allows the variation of the time discretization from a first order 
implicit method 1 to a first order explicit method 0 . Second order accuracy is achieved with the 
Crank-Nicholson method 5.0 . 
Imposition of Boundary Conditions  
An interior Neumann boundary condition leads to the following equation for the innermost cell: 
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A mixed condition on the outer boundary can be readily built with 
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Appendix C 
Analytic Solution to the 1-D Spherical Parabolic Heat 
Conduction Equation 
The purpose of this appendix is to find an analytic solution to the parabolic heat conduction equation 
that can be used in the benchmarking of the numerical solution. To simplify the task, a one-region model 
with constant thermo-physical properties is employed.  
The parabolic heat conduction equation with a heat source is: 
t
trT
k
trq
r
trT
rr
trT tr







 ),(1),(),(2),( ,,,
2
2
*
 Rr ++0  for t > 0 Eq. C-1 
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With boundary conditions: 
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One can generate a homogenous boundary condition for the problem with a simple change of 
variables:  
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Initial Condition: 
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Now one can solve the time-dependent heat generation problem with the Green’s function method. 
Consider the homogeneous problem: 
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U (r=0) = U(r=R) = 0 or t 0 
and  
U(r,t)=rF(r) for t = 0 
The general solution to Equation C-5 is: 
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Applying the I.C. )(),( rFtr  t =0 
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Therefore, the Green’s function is:  
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The solution to the non-homogeneous problem is obtained from: 
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Assuming a spatially independent heat generation rate leads to: 
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Carrying out the spatial integration gives the temperature field: 
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Case 1. Constant Heat Generation 
The time integration in Equation C-7 under the assumption of constant heat generation becomes: 
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Case 2. Linear Heat Generation 
Assuming a linear heat generation rate of the form taatq 21
,,, )(  and carrying out the time 
integration: 
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Simplifying the above equation yields the temperature field equation under linear heat generation: 
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The average temperature is: 
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Case 3. Exponential Heat Source  
Under the assumption of exponential heat generation rate )(0
,,,
0
,,, 01)()( //0///  eqq . 
The value of the exponential factor is:  
)(
0
,,,
0
,,,
01
)(
)( //0
/
// 

e
q
q
 and 
   
)(
)(ln)(ln
0
0
,,,
0
,,,
1 //
///
0



qq
 
The generalized time-dependent source for a given time step is: 
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The temperature field equation under exponential heat generation rate is:  
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Appendix D 
Thermo-Physical Properties 
The purpose of this appendix is to compile the best available thermo physical data for TRISO 
particles in the current literature to perform safety analysis calculations for TRISO-fueled reactors with 
UO2 kernels. These properties are valid for design basis accident conditions only. Severe accident 
analysis conditions are outside the scope of this work.  
The models and data from Kovacs et al. are proprietary and are excluded from this external report. 
Therefore, the model included in the TDHe cannot be fully duplicated without the report from Kovacs 
et al. 
THERMO-PHYSICAL PROPERTIES OF UO2
The thermo physical properties of UO2 are based on the recommendations from the fissile materials 
disposition program (Popov 2000).  
Thermal Conductivity of UO2
The Lucuta model (Popov 2000) for irradiated UO2 is: 
FRFMFPFDTkpBTk ****)(),,( 0     [W/m/K] Eq. D-1 
where 
T = temperature in Kelvin 
B = burnup in at. % (1 at. %  9.375 GWd/MTU for 3–5% enriched fuel) 
TD
TDp

 
 = porosity of UO2 Eq. D-2 
)(0 Tk  = conductivity of 100% dense UO2     [W/m/K] 
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FP = precipitated solid fission product factor      [unit less] 
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FM = fuel porosity factor      [unit less] 
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FR = radiation damage factor        [unit less] 
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The results from the UO2 conductivity model are shown in Figure D-1. 
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Figure D-1. Thermal conductivity of UO2 as a function of temperature and burnup. 
Specific Heat Capacity of UO2
The specific heat capacity model covers the temperature range 298.15 K  T <3120 K and it is 
functionalized as:  
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where  
)(TCp  = [J/kg/K] 
t = T/1000  
T = Temperature in K 
)*011.01(3463.8)(2 BEBC   
B = burnup in atom percent  
Density of UO2
The density as a function of temperature is calculated with:  
3
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)273()273()( 
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TL
LT       [Kg/m3 Eq. D-9 
where 
(273) = 10,970 Kg/m3, is the density of UO2 at 273 K. L(273) and L(T) are the lengths at 273 K 
and at temperature T(K), respectively. 
In the temperature Range 273 K  T <923 K: 
)13T-4.391E+10T-2.705E-6T-9.802E+1-9.9734E )(273()( 32LTL    Eq. D-10 
And in the temperature Range 923 K  T <3120 K 
)12T-1.219E+9T-2.429E-5T-1.179E+1-9.9672E )(273()( 32LTL    Eq. D-11 
THERMO-PHYSICAL PROPERTIES OF PYC AND POROUS CARBON  
It is difficult to find consistent data for pyrolytic carbons since their thermo-physical properties are 
highly dependent on the manufacturing process, the source of hydrocarbons, and the irradiation 
temperature. This library provides a basic dataset that should not be used in final design calculations. The 
library should be updated with the as-built data that emerges from the design specific TRISO fuel 
characterization program. 
Thermal Conductivity of PyC and Porous Carbon 
The thermal conductivity measurements of isotropic pyrolytic carbon performed by Bokros et al. 
were fitted into a power law equation. The sample parameters were: a Bacon Anisotropy Factor of 1.00, a 
density of 1.93g/cc, and a layer spacing of 3.410 Å. The temperature-dependent [K] thermal conductivity 
is: 
kPyC=2.443T-0.574 FM [W cm-1 K-1] Eq. D-12 
The porosity correction factor FM is determined with the simplified Maxwell-Eucken model 
developed by Biancheria (Olander 1976): 
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      [W cm-1 K-1]  Eq. D-13 
where 
93.1
93.1 
p  Eq. D-14 
The values of * range from 1.5 for spheres to 3 for oblate ellipsoids with an axial ratio of 10. This 
model uses an average value *1 based on a density an average density of 1.45 g/cc1 Dobranich 
indicates that the porosity correction for the porous carbon region is approximately 0.25 to 0.5 times the 
conductivity of the PyC, which compares well with the value of 0.314 obtained with *1.
For irradiation dependent conductivities Bokros et al. provides a data set at 3.03E25 DNE fluence 
[n/m2]: 
irkPyC=100.8T-2.322 FM [W cm-1 K-1] (irradiated at 950°C) Eq. D-15 
Thermal conductivities for fluences in between 0 and 3.03E25 DNE are determined via linear 
interpolation between the two results from Equations D-12 and D-15. Conductivities for fluences beyond 
3.03E25 DNE are obtained with the correction factor developed in the German program at the Jülich 
Research center (Nabielek 1991) with an irradiation temperature of 950°C: 
irkPyC=   2 2 35540.0)1(0.36621443.2 1.1028574.0 eT  FM Eq. D-16 
where  
2  = neutron fluence in 1025 m-2 DNE units  
Figures D-2 and D-3 show the values of the conductivity for PyC and porous carbon, respectively. 
The shape of the 2 Dido Nickel Equivalent (DNE) fluence curve in the PyC plot for Bokros is different 
than that obtained with the Jülich correction, but the variation is not significant. The un-irradiated shape 
of the Bokros curve is the same as the un-irradiated shape of the Jülich data; therefore, the fluence 
corrections from the Jülich program should yield reasonable approximations assuming that the dose rates 
did not vary significantly.  
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Figure D-2. Thermal conductivity of the PyC layer as a function of temperature and fluence. 
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Figure D-3. Thermal conductivity of the porous carbon layer as a function of temperature and fluence. 
Specific Heat Capacity of PyC and Porous Carbon 
The specific heat capacity of the PyC and porous carbon layers are based on a data fit from the near-
isotropic H-451 graphite with a density of 1.74 g/cc from the Graphite Handbook: 
FM
C p




4184)1.43688E9T-1.59309E7T
 4.34493E4T- T 9.02725E1- 6T-E42667.254212.0(
4-3-
-2-1
  Eq. D-17 
where 
pC  [J/kg/K] Temperature Range 250 K  T <3000 K 
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The porosity correction factor uses a porosity based on the sample density: 
74.1
74.1 
p  Eq. D-18 
Density of PyC and Porous Carbon 
The densities of the PyC and the porous carbon layers will be input parameters for the model, if no 
values are specified, 1.9 g/cc and 0.97 g/cc, respectively, are used as default. 
THERMO PHYSICAL PROPERTIES OF SIC 
Thermal Conductivity of SiC 
Nabielek et al. (Nabielek 1982) recommend the following correlation for the heat conductivity in the 
SiC layer: 
217885 
T
kunirr [W/m/K] Eq. D-19 
where T is in Kelvin. 
Irradiation effects on the thermal conductivity of SiC are quite dramatic. A reduction of 50–70% for 
4E25 n/m2 DNE (Dido Nickel Equivalent) was documented at an irradiation temperature of 1100°C (Ho 
1993). Since no clear fluence and temperature-dependent correlation exists to date, an exponential 
correlation is suggested by Ho for the irradiation-dependent conductivity: 
2 1277.0ekk unirrirr [W/m/K] Eq. D-20 
where 
2  = neutron fluence in 1025 m-2 DNE units  
Figure D-4 shows the Thermal conductivity curves for SiC. 
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Figure D-4. Temperature and fluence-dependent thermal conductivity of SiC. 
Specific Heat Capacity of SiC 
Snead et al. recommend Equation D-21 in the temperature range 200 K  T <2400 K and assume that 
the material property remains unchanged under irradiation: 
2
2 71946.359259.73772.065.925
T
ETETC p  Eq. D-21
pC  [J/kg/K]
Density of SiC 
Snead et al. show that the density change in Chemical Vapor Deposition (CVD) SiC saturates quickly 
with dose at an irradiation temperature of 800°C. The density change is in approximately a half percent. 
Furthermore the thermal expansion is also very small. Therefore, the SiC layer is assumed to retain the 
theoretical density of 4.21 g/cm3. 
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THERMO-PHYSICAL PROPERTIES OF GASES FROM UO2 KERNELS  
The TRISO fuel model contains a gas release generation model used to determine the internal 
pressure. The internal pressure of the TRISO is used, subsequently, in the determination of the gas 
conductivity for the void region of the fuel.  
Determination of the Internal Gas Pressure of the TRISO 
The calculation of the internal gas pressure for each particular species uses the Redlich-Kwong 
equation of state with constants tabulated in Table 2-3 of the report by Kovacs et al.   
Determination of the Steady State Gaseous Fission Product Concentrations 
The number of moles of fission gases in the void regions and the number of moles of fission gases 
created in the fuel kernel are calculated using Equations 2-6 and 2-3 from Kovacs et al., respectively. 
Determination of the Steady State Gaseous Fission Product Concentrations 
The fraction of gases that are released into the void region can be calculated with a Booth release 
model. The model assumes that initially there are no gases present, the generation of fission products is 
homogeneous, and under steady state conditions (Nabielek 1982): 
-
.



1
44
'221
'
60.1
n
tDn
D n
e
tD
F


 Eq. D-22 
Where t is the irradiation time in seconds. For Xe and Kr in UO2 the effective diffusivity is given by 
(Nabielek 2004): 
RT
Qo
eED  30.5'  Eq. D-23 
where  
Qo = 155.4 kJ/mol 
R = 8.315J/mol/K 
T is the irradiation temperature [K]  
Equation D-22 can yield high results for Xe and Kr, therefore a burnup dependent factor is introduced 
(Nabielek 1982): 
DSS FF ,   Eq. D-24 
Three regimes for the retention at grain boundaries are modeled: complete retention, partial retention, 
saturation with no retention. For UO2 the critical saturation: 
3
3
3
3
'
33
3
3
(
)
4
+
+

5        F          1.0
5.0        F
9
1F
9
2
5.0         F          0.0
D
DD
D
Bu
BuBu
Bu
,
 Eq. D-25
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The model was verified against the calculations by Nabielek (2004), which produce an F-factor of 
0.46 with an irradiation temperature of 950°C and at 20% Fissions per Initial Metal Atom FIMA. 
Determination of the Transient Fission Product Concentrations 
For transient conditions we use the transient and burst effect approximation developed by Bernard 
et al. (2002): 
  
5
6
7
'
(
)





  ssBTRXeKr c
ttDcttFcMaxc ;
05.0
'exp)(1 0000/ Eq. D-26 
Or, in terms of the number of moles of fission gases retained:  
  
5
6
7
'
(
)





  ssBTRXeKr n
ttDnttFnMaxn ;
05.0
'exp)(1 0000/ Eq. D-27 
where 
FTR  = fractional release of xenon or krypton gas from the grains via diffusion  
n0 = number of moles of xenon or krypton at time t0 inter and intra-granular  
nB0 = number of inter-granular moles of xenon and krypton at t0 
nss = number of moles of Xe or Kr at steady state for peak transient power 
a = grain size (assumed ~10 m) 
The fractional release of xenon and krypton via diffusion for a constant temperature in each time step 
is: 
-
.



1
22
'22
60.1
n
tDn
TR n
eF


 Eq. D-28
For steady-state operation and at or above the grain boundary saturation threshold the inter-granular 
concentration can be calculated with: 
void
S
B Va
Nn
2
3
0   Eq. D-29 
The calculation of the saturation surface density SN is based on the bubble model by Dowling et al. 
and for an ideal gas is determined with:  
 
bub
bc
S P
f
kT
rfN


2sin3
4
  Eq. D-30
where  
  )(cos
2
1)cos(
2
31 3  f  Eq. D-31 
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





 ext
b
bub Pr
P 82 = bubble pressure  Eq. D-32 
For a hypothetical dihedral angle 2=100o, 
 


2sin
f
=0.287.  
According to Bernard et al. (1997) the surface specific energy 89J/m2,rb=0.5 m, fc = 0.25, and with 
R= 8.31E-6 m3·MPa·K1·mol1 we obtain:  
 extS PTN  0.4
3-5.76E
 Eq. D-33 
With Ns in mol/m2 and Pext is in MPa 
The maximum xenon or krypton concentration at steady state for peak transient is assumed to occur at 
a pressure of 120 MPa, with a void volume of 5.96E-11 m3, and with 80% of the gas in the gas mixture 
being composed of Xe and Kr: 
T
Enss
488.6 
  Eq. D-34 
Determination of CO Concentrations 
Similarly to the determination of the fission product concentrations, the number of moles of CO in the 
oxide fuel kernel is calculated with Equation 2-5 from Kovacs et al. 
The number of oxygen gases released per fission event is calculated with (Nabielek 1991, Proksch 
1982): 













RT
mol
kJ
tEf
O
SS
7.162
exp1132.8 2  Eq. D-35 
where  
O/f = Oxygen released at the end of irradiation (atoms per fission) 
T  = time-averaged particle surface temperature during irradiation (K) 
Equation D-35 is valid for the ranges of temperature 950°C < T < 1525°C and time 66 days < t < 550 
days. The authors mention that some extrapolation is admissible, but for the PBR design with a multi-pass 
refueling scheme the total residence time can be near 940 days, as shown in Figure D-5. Since no other 
data is available at this time we will use the same equation. 
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Figure D-5. Range of validity of O/f equation in a multi-pass PBR with an average particle surface 
temperature of 1000°C. 
The same equation during heating is modified to the equation proposed by Liang et al.:  






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

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

 75
114040
10 ih TT
SSTR f
O
f
O  Eq. D-36 
where 
Th = heating temperature 
Ti = irradiation temperature 
t = irradiation time in days 
The O/f model was verified against the calculations by Nabielek (2004), which yield an O/f of 0.025 
with an irradiation temperature of 950°C and at 20% FIMA.  
Determination of Gas Void Volume 
The amount of void volume available for the gas mixture is calculated with Equation 2-11 from 
Kovacs et al.   
Conductivity of the Gas Mixture 
The data for the thermal conductivity of the gases and the calculation methodology has been obtained 
from RELAP5-3D©. The individual gas conductivities are calculated with: 
k = ATB  Eq. D-37 
where the Temperatures are in K and the values of parameters A and B are shown in Table D-1. 
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Table D-1. Parameters A and B used in gas conductivity calculation per Equation D-37. 
Gas Species 
A 
(W/cm-K1+B) B Ref. 
Carbon Monoxide 5.050e-6 0.6954 CB Davis 
Krypton 8.247E-7 0.8363 RELAP Manual 
Xenon 4.351E-7 0.8616 RELAP Manual 
 
The conductivities for the gas mixture are calculated with:  
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N = number of gases in the mixture 
Mi = molecular weight of the ith species 
Xi = model fraction if the ith species 
ki = thermal conductivity of the component 
Density of the Gas Mixture 
From ideal gas law we have:  
RT
M
mPV   Eq. D-40 
Solving Eq. D-40 for the density leads to: 
RT
PM
V
m
  Eq. D-41 
In terms of partial pressures Equation D-41 can be re-written as: 
RT
MP
P
P
V
m
N
i
ii
N
-
 1  Eq. D-42 
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From Dalton’s Law of Partial Pressures: 
P
Px ii   Eq. D-43 
where 
xi = mole fraction of any individual gas component in a gas mixture  
Pi = partial pressure of any individual gas component in a gas mixture 
Introducing Equation D-43 into Equation D-42: 
RT
Mx
P
RT
M
P
P
P
V
m
N
i
ii
N
i
i
i
N
--
  11  Eq. D-44
where  
P is the total pressure of the gas mixture 
Pi = partial pressure of any individual gas component in a gas mixture
xi = mole fraction of any individual gas component in a gas mixture  
Mi = molecular weight 
Specific Heat Capacity of the Gas Mixture 
The calculation of the specific heat capacity of a gas mixture is based on Eq. 4.2-35 in the RELAP5-
3D© manual for the specific internal energy of a mixture of gases. Taking the derivative of Eq. 4.2-35 
with respect to temperature we obtain: 
-


n
i
iviv XCC
1
,  Eq. D-45 
where 
viC ,  = specific heat capacity of the ith species [J/kg?K] 
iX  = molar fraction of the ith species 
Taking the derivative with respect to temperature from the specific internal energy equation 4.2-34 
from the RELAP5-3D© manual, we obtain the specific heat capacity for the gas: 
3
,
2
,,,, )()()( ogioogioogioioiv TTFTTETTDCC   Eq. D-46 
where 
Tg = gas temperature [K] 
To = 250K 
The various gas specific parameters are listed in Table D-2. 
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Table D-2. Values Co,i, Do,i, Eo,i, and Fo,i for Kr, Xe, and CO. 
Gas Co,ni
(J/kg?K) 
Do,ni
(J/kg?K2)
Eo,ni
(J/kg?K3)
Fo,ni
(J/kg?K4)
Krypton 148.824 0.0035 0.0 0.0 
Xenon 94.9084 0.0035 0.0 0.0 
Carbon 
Monoxide 694.2758 0.3421647 -4.216078x10
-4 1.503636x10-8 
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